Supply of Fe ions is considered to be effective for the growth of kelp (a kind of seaweed). In the present research, a demonstration experiment in which seaweed beds/shoals were formed using a mixture of steelmaking slag and dredged soil was carried out in a marine area of Kawasaki City, Japan. The average strength of the mound for seaweed beds, which was made of a mixture of dredged soil and steelmaking slag, was 109.7 kN/m 2 . The shape of the mound was stable during the experiment period. The Fe content of the water above the mound made of the mixture was around 5 ppb higher than that above mounds made of natural sand. The average dry weight of the soft seaweed (Undariapinnatifida:wakame in Japanese) and brown seaweed (Sargassumhorneri) taken from mounds of the mixture including steelmaking slag were respectively 1.1 times and 2.1 times as much as that from mounds of natural sand. These results indicate that Fe ions, which dissolved from the steelmaking slag, have a positive effect on the growth of brown seaweed.
Introduction
To cope with global warming, CO2 reduction is very important in all areas. A number of countermeasures have been implemented and have been under development since the 1990s. The Japanese steel industry is not only devoting great effort to reducing CO2 emissions from iron and steelmaking processes by energy conservation, but is also continuing research and development on CO2 fixation technologies. These technologies include a technology which utilizes CO2 absorption by seaweeds. It is known that supply of Fe ions accelerates the growth of seaweeds and increases fixation of CO2 by this marine vegetation. [1] [2] [3] [4] Steelmaking slag, which is a by-product of the steel manufacturing process, is one of the prominent candidates as a source of iron ions.
The purpose of the present research was to develop a new technology for creating mounds for seaweed beds and sea grass beds in coastal areas using a mixture of steelmaking slag and dredged soil. The aim is to accelerate CO2 absorption by promoting the growth of seaweed and sea grass using Fe ions from steelmaking slag. This technology has the additional benefit of enabling recycling of dredged soil.
Algae in coastal areas form colonies. Marine algae and seaweeds absorbCO2 by photosynthesis, supply oxygen to the environment, and thereby support the growth of fish and shellfish. According to a report compiled by the United Nations Environment Programme(UNEP) in October 2009, 5) mangrove forests, seaweed beds, salt marshes, and other coastal ecosystems worldwide absorb between 0.87 billion and 1.65 billion tons of CO2 annually, which is comparable to Japan's total annual emissions of CO2. The UNEP report also pointed out that stopping the progressive destruction of coastal ecosystems caused by reclamation and development is an effective approach to preventing global warming. 5) When seaweeds absorb nutrients such as nitrogen and phosphorus from seawater, enzymes are needed, and micro elemental Fe is indispensable for the smooth functioning of these enzymes. 6) Lack of the proper amount of Fe also hinders formation of chlorophyll in seaweeds.
In fiscal [2004] [2005] [2006] [2007] , the Japan Iron and Steel Federation, with financial assistance from Japan's Ministry of Economy, Trade and Industry (METI), conducted an "Environmental improvement study and evaluation of the maritime use of steelmaking slag". The following technical knowledge was obtained as a result of this study: Mixing of steel slag and dredged soil improves the soil strength and controls leaching of high pH water from steelmaking slag. 7) Previous research confirmed that a fertilizer unit consisting of steelmaking slag and humus soil which was artificially fermented from waste wood chips substantially ISIJ International, Vol. 51 (2011), No. 11 increases kelp growth. [1] [2] [3] [4] 8) Some previous research shows that seaweed utilizes Fe ions dissolved from the mixture of the steelmaking slag and artificial humus soil containing humus acid. 8) The purpose of the experiment was to demonstrate and evaluate the effect of a mixture of steelmaking slag and dredged soil on the growth of seaweeds in a marine environment at Kawasaki harbor. The concept of the demonstration experiment is shown in Fig. 1 . Certain dredged soils contain organic acids such as fulvic acid and humic acid. These organic acids capture Fe ions eluted from steelmaking slag and form complexes. It is known that seaweed absorbs Fe ions from these complexes. One key difference between the existing technologies and this newly developed technology is the use of dredged soil containing naturally occurring organic acids. Dredged soil recovered from the seabed is considered to be a lower impact on ecosystems. From the viewpoint of effective use of resources, the development of a new technique which utilizes dredged soil and by-product slag from the steelmaking process is highly significant for improving environmental preservation.
Experimental

Laboratory Experiments
2.1.1. Solidification by Mixing Dredged Soil and Steelmaking Slag In order to determine the proper mixing ratio, a mixing test was carried out using steelmaking slag and dredged soil from Ukishima in the Port of Kawasaki, which was permitted to use by the port authority. The soil characteristics of the dredged soil and chemical composition of the steelmaking slag are shown in Tables 1 and 2 , respectively Steelmaking slag of 0-5 mm in diameter and two types of dredged soil in its nature state are mixed with a paddle type mixer with the ratio ranging from 20:80 to 50:50. The blended material was cast into 5 × 10 cm molds and sealed. After curing for 28 days, the compressive strength was measured.
The effects of the free-CaO ratio in the slag and grain size of the slag were examined. Steelmaking slags with diameters of 0-5 mm, 0-13 mm and 0-30 mm were mixed with Ukishima soil at a ratio of 30:70. Compressive strength tests were carried out after curing for 3, 7 and 28 days.
Dissolution of Fe from Mixture of Steelmaking Slag
and Dredged Soil The dissolution of Fe ions from the mixtures of steelmaking slag and dredged soils from various locations (Asano canal, Ukishima, Tama River) was measured to observe the differences among the dredged soils from different locations by ICP measurement. In addition, the dissolution of Fe from the mixture of steelmaking slag and the dredged soil of Ukishima, which was planned to be used in the demonstration experiment, was measured by atomic absorption spectrophotometry.
The oxidation-reduction potential (ORP) and organic carbon concentration in the dredged soil, which was extracted in 0.1 M NaOH water, were measured.
Demonstration Experiment
Division of Experimental Areas
This experiment was performed in an inlet at East Ogishima Island at the Port of Kawasaki, Kawasaki City, Japan. Figure 2 shows the experiment site, which was In the seaweed bed creation experiment, four test areas (Mounds A-D and two control areas (Mounds E-F) were used. Mound A was assumed to be the standard mixture, and Mound D was used to confirm changes in strength associated with differences in the grain size of the steelmaking slag. Mound A was constructed with a trapezoidal shape without an embankment to confirm that the material used in this experiment is capable of maintaining the shape of the mound in seawater. In Mounds B-F, the mixed materials were placed in container boxes. Several natural stones and artificial stones, which were manufactured by adding organic acid to slag, were placed on each mound. The stones were 300-400 mm in size and 10-20 kg in weight.
The locations of Mounds A-F and the arrangement of the seaweeds and seaweed bases are shown in Fig. 2 , and the size of each mound and placed material conditions are shown in Table 3 .
Mound Construction and Monitoring
Heavy metal leaching tests were performed with the steelmaking slag, mixture of steelmaking slag, and artificial stones before use as materials for mound construction. All data were within the levels specified in the environmental standards of Japan's Ministry of the Environment. (In this project, verification as an environmental technology was conducted under the auspices of the Ministry of the Environment in order to receive a third-party evaluation).
The target strength of the mixture was set at 100 kN/m 2 . To obtain this strength level, the 0-13 mm size of the steel slag was selected and the mixing ratio was set at soil: steelmaking slag=70:30. The dredged soil and the steelmaking slag used for these mounds were same materials as laboratory mixing test, as shown in Tables 1 and 2 . To make the mixture, steelmaking slag was introduced into the dredging soil on a hopper-barge and was stirred for approximately 90 min. Part of the mixture was sampled to monitor the hardness of the mound The mixture was cured on the barge for 2 days and then placed in the intended sea area by a grab dredger, and was shaped by divers. Construction work started on July 31 and ended on August 3, 2009 . No rise in pH was observed during this work. Soil-based cloudiness was observed during placement of the material, but the turbidity of the seawater returned to its original level after 90 minutes.
Water quality was monitored after the construction, including pH, ORP, DO, COD, T-N, T-P, PO4-P, sulfide 
Seaweed Transplantation
Small stocks of the soft seaweed called "wakame" in Japanese (Undariapinnatifida), kelp (genus Laminaria), and brown seaweed (Sargassumhorneri) were bonded to the artificial stones and natural stones (in the following, these seaweeds are referred to as wakame, kelp, and brown seaweed, respectively). The stocks of brown seaweed were transplanted on November 6, and the stock of wakame and kelp, on November 22. Wakame and brown seaweed were transplanted again on December 25, as desirable growth was not obtained due to the high temperature of the water after transplantation.
The growth conditions of the seaweed and benthos were investigated at set periods. The number of growing stocks and the length of the seaweeds were measured by a diver. At the end of the experiment the seaweeds were sampled and their wet and dry weights were measured. Fig. 3 . Basically, compressive strength increases with the compounding ratio of steelmaking slag, however, the strength levels varied depending on the type of dredged soil used in the mixture. In the case of Kawasaki area soil, Ukishima-type soil is suitable for stable mound construction. Figure 4 shows the relationship between the strength of the mixed materials and the amount of free-CaO in the slag with a diameter of 0-5 mm. The strength of the mixed products depended on the particle size of the slag, as shown in Fig. 5 . Mixed products using smaller sizes of slag have higher strength.
Results
Laboratory Experiment
These results suggested that the mound strength is controllable by changing both the chemical composition and size of the steelmaking slag. For this mound construction, the target strength of the mixture at the seabed was set at 100 kN/m 2 . In the case of cement-treated soil, the typical strength ratio between experiments and real construction is about 0.5, referring to which, the mixing condition was selected against an experimental value of 200 kN/m 2 . Steelmaking slag with a diameter of 0-13 mm was selected, and a 70:30 mixing ratio of dredged soil and steelmaking slag was applied.
Dissolution of Fe from Mixture oF Steelmaking
Slag and Dredged Soil Among the mixtures of steelmaking slag and dredged soils from various locations, dissolution of Fe was observed with the mixture of steelmaking slag and dredged soil from the Asano Canal (Table 4 ). In measurements of the oxidation-reduction potential (ORP) of the dredged soil, the dredged soil from the Asano Canal showed a low level of ORP. The concentrations of organic carbon of the dredged soil from the Asano Canal showed higher levels compared to those from Ukishima and the Tama River ( Table 5 ). The amounts of Fe dissolved from the mixture of steelmaking slag and the dredged soil of Ukishima were <0.01 and 0.16 ( Figure 6 shows the relationship between wet density and strength of the mixture of steelmaking slag and dredged soil The shape of the mound observed by a diver was also stable during the experiment period.
Fe Dissolution from Mixture and Water Quality
The amount of Fe ions dissolved from the mixture at Mound A and Mound B was 0.03 mg/kg-mixture in both cases, as shown in Table 6 .
The results of the measurements of water quality, nutrient salts, and Fe content are presented in Figs. 7-10 . Changes in the levels of pH, ORP, DO, COD, T-N, and T-P of the seawater above the mounds showed basically the same tendencies at all mounds. The Fe content of the water above Mound A and Mound B was around 5 ppb higher than at the other mounds in November and December, and the Fe content of the water above the study area(Mounds A-D) was also around 5 ppb higher than that above the control area (Mounds E-F) in February. There was no substantial difference of Fe content of the water above between Mound E and Mound F, although artificial stones were placed on Mound E and natural stones were placed on Mound F.
A leaching test was also performed with the mixture actually used in the seawater over a period of a few months after the construction of Mound A. All data were within the levels set in Japanese environmental standards ( Table 7) .
Seaweed Growth
Although a simple comparison is not possible because of individual variability, the average dry weight of the wakame seaweed taken from each study area was 1.1 times higher than that of the same seaweed taken from the control area as shown in Fig. 11 . The average dry weight of the brown seaweed taken from each study area was 2.1 time as much as that of brown seaweed from the control area, as shown in Fig. 12 , although again, a simple comparison is not possible. The data for the prominent stock were not included when calculating the average dry weight of the brown seaweed from each study area. If these data are included, the average weight of the brown seaweed from each study area is 5.4 times larger than that from the control area. Furthermore, the amount of metals contained in the brown seaweed in the study area was almost the same as that in the control area, with the exception of iron. The amount of Fe in the brown seaweed in the study area was approximately double of that in the brown seaweed in the control area, as listed in Table 8 . Growth of kelp could not be confirmed in either the test areas or the control areas. It is assumed that the condition of the seawater, and especially the water temperature, was not suitable for kelp growth.
Condition of Periphyton
Species such as plume worms (serpulids), oysters, and sea cucumbers, which are frequently found in Tokyo Bay, were also observed in this experiment. Both the number of species and the number of individual periphyton showed a tendency to be larger in the study area than in the control area, confirming that the mixture used in the mounds did not prevent creatures from entering the study area, as seen in Table  9 .
Discussion
Strength and Mechanism of Solidification of Mixed
Steelmaking Slag and Dredged Soil There are several possibilities with regard to solidification of the mixture, such as lowering of the relative water content, agglomeration of soil particles, and pozzolanic reaction. The results of the experiments shown in Figs. 4 and 5 suggest that the free-CaO ratio and surface area of the steelmaking slag strongly affect solidification of mixtures containing slag. The solidification of the soil and steelmaking slag mixture suppose to occur mainly through a hydration reaction between Ca ions in the steelmaking slag and silicates in the dredged soil and produced pozzolan (C-S-H). 7) Our results indicate that pozzolanic reaction increases the strength of the mixture. J a n u a r y ISIJ International, Vol. 51 (2011), No. 11
The strength of the mixture of steelmaking slag and dredged soil sampled at mound A construction was 109.7 kN/m 2 , which satisfied the target strength of 100 kN/m 2 . As the strength of a mixed product prepared in the laboratory using the same materials as in mound construction was 198.9 kN/m 2 , the strength ratio of the field and laboratory products was 0.55. The coefficient of variation of strength was 24%. This value is relatively large, which is attributed to heterogeneity due to the mixing method and the low fluidity of the soil compared with prior sampled soil. However, 35% is used as the coefficient of variation and 0.5 as the field/laboratory strength ratio. Thus, the design characteristics of the mixture of steelmaking slag and dredged soil are similar to those of cement-soil mixtures.
Fe Dissolution from Mixture of Steelmaking Slag
and Dredged Soil Among the mixtures of steelmaking slag and dredged soils from various locations, the dissolution of Fe was observed with the mixture of steelmaking slag and dredged Table 4 ). The reasons why dissolution of Fe from the mixture using dredged soil from the Asano Canal was significantly higher than that of mixtures using dredged soil from Ukishima and the Tama River is presumed to be due to the low oxidation-reduction potential (ORP) of the dredged soil from the Asano Canal accelerates Fe dissolution. It is also supposed that the abundance of organic acids in the dredged soil from the Asano Canal increases the dissolution of Fe ions. The remarkably high organic carbon concentration of the dredged soil from the Asano Canal implies an abundance of organic acids in this soil (see Table 5 ). 9) The dissolution mechanism of Fe from steelmaking slag is thought as follows. A high content of organic carbon in the dredged soil creates a reducing environment, which accelerates the dissolution of Fe from the steelmaking slag. Furthermore, the organic acids such as fulvic acid and humic acid in the dredged soil readily form complexes of Fe ions, which remain soluble even at pH 8.2.
In normal seawater which contains oxygen, Fe(III) is more stable than Fe(II).
The solubility of Fe(III) is extremely low, resulting in a very small amount of 10 nML -1 =0.6 ppb in water of pH 8.2. 10) On the other hand in the experiment area in Kawasaki harbor, the measured results were 5-20 ppb in the controlled area and 5-28 ppb in the study area. The reason for the high density of dissolved Fe ions in the seawater is presumed to be because Fe ions form a complex compound that remains dissolved in seawater.
Under the reducing environment caused by photochemistry and presence of enzymes derided from creatures, Fe(III) changes to Fe(II), which readily dissolves in seawater. Fe(II) binds to chelate materials in the periphery, which remain dissolved in seawater. 6) According to the experiments in which slag and humic substances from wood waste compost were mixed in water, chelate of Fe(II) originates from the mixture. 11, 12) We think that a similar reaction occurs between the Fe(II) which is eluted from slag and humic substances originating from dredged soil. And complexes of Fe ions, which form from the mixture of slag and dredged soil (see Table 6 ), might cause the higher concentration of Fe observed in the study area than that in the controlled area, as seen in Fig. 10 .
It is estimated that the Fe ion supply process involving the mixture of slag and a dredged soil is similar to the supply mechanism of Fe ions in natural environments. Therefore, the supply method of the Fe ions from the mixture of slag and dredged soil is presumed to have a lower impact on the natural ecosystem.
Concerning the artificial stones, no substantial difference between Fe content of the seawater above Mound E and Mound F was observed. It was suggested that Fe ion supplied from the only several artificial stones did not influence the Fe content of the seawater above the mounds significantly.
Effect of Fe Ions in Promoting Algae Growth
The average dry weight of the seaweed (wakame) taken from each study area was 1.1 times as much as that from the control area, and 2.1 times in case of the brown seaweed, as mentioned in Section 3.2.3. At the time of transplantation, the average lengths of wakame and brown seaweed were about 10-15 cm. Three months after transplantation the largest size was 200 cm for the wakame and 600 cm for the brown seaweed. Except Fe, the properties of the seawater (pH, COD, DO, nutrient salts, dissolved metals) were substantially the same between the study areas and control areas. Remarkably there was no difference in the concentration of nutrients (nitrogen, phosphorus, etc.) between them. Only the levels of dissolved Fe ions in the study area were higher than those in the control area (see Fig. 6 ). This implies that the Fe concentration in the seawater affected the growth of the seaweeds. Furthermore, the amount of metals contained in the brown seaweed in the study area was almost the same as that in the control area, with the exception of iron. The amount of Fe in the brown seaweed in the study area was approximately twice as much as that in the brown seaweed in the control area (see Table 8 ). This suggests that the difference in the amount of absorbed Fe was a factor in accelerating growth of the brown seaweed. These two results indicate that Fe ions dissolved from the mixture of the steelmaking slag and the dredged soil had a positive effect on the growth of the brown seaweed.
For algae, trace minerals such as Fe ions are indispensable. It has been reported that decreases in chlorophyll α and the phycobiliproteins are associated with Fe shortage, and it is known that Fe deficiency causes discoloration of sea laver (nori). 13, 14) A decrease in chlorophyll reduces the photosynthesis capacity. In Japan's Inland Sea, there is an area of extremely low Fe where the solubility of iron is <1 ppb. When discoloration occurs due to iron deficiency, Fe ions supplied from the seaweed beds of the mixture of steelmaking slag and dredged soil may contribute to recovery and prevention of the discoloration of sea lavers. 15) Concerning the effect of Fe ions on kelp growth, it has been reported that Fe ions play important roles in every stage of growth, including gametophyte maturity, fertilization, and sporophore development. 8) Supplying Fe ions to coastal waters with low Fe concentrations is reported to be an effective means of reversing ecosystem damage and improving conditions in coastal areas. 2, 3) The mechanism through which seaweed absorbs Fe ions is still unclear. The uptake mechanism of iron by plants is commonly classified into two strategies. 16) In the first, Fe(III) is changed to Fe(II) by inducible reductases of a plasma membrane and reduced Fe(I) is carried into the cytoplasm by a transporter. In the second, inducible ligands, which form highly stable complexes with Fe(III), are transferred into the cytoplasm by specific translocator. If the inducible protein with sea laver under iron deficiency can be identified, it will be possible to determine the uptake mechanism in this case.
Various findings regarding the dredged soil and steelmaking slag were obtained. However, the mechanism responsible for the dissolution of Fe ions has not yet been clarified. Influence of dredged soil on Fe dissolution from steelmaking slag has neither yet been clarified. How seaweeds utilize Fe ions also remains to be explained. Further research on these issues is expected.
Summary
A new technique for forming seaweed beds and shoals using a mixture of steelmaking slag and dredged soil has been developed. The effect of a mixture of steelmaking slag and dredged soil on the growth of seaweeds in a marine environment was demonstrated in experiments in a marine area of Kawasaki City, Japan. The growth of seaweeds increases CO2 fixation. In addition to providing a new CO2 fixation technology, this technique is also environmentfriendly from the viewpoint that recycled materials (slag, dredged soil) are used. The following results were obtained:
(1) The average strength of the mound for seaweed beds, which was constructed using a mixture of dredged soil and steelmaking slag, was 109.7 kN/m 2 . The shape of the mound was stable during the experiment period.
(2) It is considered that organic carbon in the dredged soil reduces ORP, and the resulting reducing environment accelerates the dissolution of Fe ions from the steelmaking slag, while organic acids in the dredged soil form complexes of Fe ions, even at pH 8.2.
(3) The increase of the soft seaweed and the brown seaweed compared with the control area implies that Fe ions, which dissolved from the steelmaking slag, had a positive effect on the growth of seaweed.
